INTRODUCTION
============

The mainstay in treatment of chronic hepatitis B virus (HBV) infection is nucleos(t)ide analogues currently.[@B1]-[@B4] Although nucleos(t) ide analogues are effective in suppressing viral replication, HBV is usually not eradicated with short term therapies, and prolonged therapy is commonly needed.[@B5] During the long term therapy, HBV develops resistance to the drug being administered. The resistance rates are higher with earlier generation of nucleos(t)ide analogues such as lamivudine, telbivudine, clevudine, and adefovir.[@B1]-[@B3] Although entecavir and tenofovir are associated with low risk of resistance for treatment naive patients, it is still difficult to manage preexisting antiviral resistance due to the presence of cross resistance.[@B6] Furthermore, multidrug resistance, which had occurred during sequential monotherapy with low genetic barrier drugs, became a serious problem.[@B7] To overcome and prevent antiviral resistance during treatment of chronic hepatitis B (CHB), understanding the mechanism, diagnosis, and principles of treatment is necessary. Herein, we will summarize knowledge about antiviral resistance which has been accumulated over a decade in the field of hepatitis B, and its clinical applications.

Mechanism of antiviral resistance
---------------------------------

Several factors influence on the development of antiviral resistance. Viral (high frequency of spontaneous mutation, viral replication fitness), drug (antiviral potency, genetic barrier), and patient (replication space and other clinical factors) factors interact, and resistance develops more commonly with increasing number of such risk factors. Detailed descriptions of each factor are as follows.

### Spontaneous mutation of HBV

The rate of production of virion is considerably high, estimating up to 10^11^ virions per day.[@B8] As the size of HBV is approximately 3.2 kb, more than 10^14^ nucleotides can be produced per day. However, HBV reverse transcriptase does not have proofreading or editing activity; so, it is prone to develop errors during replication.[@B9] The error rate of HBV has been calculated as 10^-7^ per nucleotide per day.[@B8] Therefore, 10^7^ base pairing errors are produced daily. These high spontaneous mutation rates primarily predispose to antiviral resistant mutations.[@B10]

### Replication fitness under selection pressure

Various mutations developed during replication are archived in the reservoir. Under the selection pressure exerted by antiviral drug or immunologic response, specific quasispecies which show the best replication fitness are selected. Replication fitness is ability to produce offspring under selection pressure exerted by antiviral agents.[@B11] Viral quasispecies with maximal fold resistance (ratio of drug concentration needed to suppress mutant virus by 50% over drug concentration needed to suppress wild type virus by 50%, i.e. mutant IC~50~/wild type IC~50~) to antiviral drugs being administered and high replication capacity retain the best replication fitness, which gives chance to be selected as a primary drug resistant mutant. Sometimes, compensatory mutations developed secondary to primary drug resistant mutations recover replication capacity of the mutant virus over that of wild type virus.[@B12]

### Antiviral potency

The probability of developing drug resistant mutation during therapy depends on the efficacy of drug.[@B13] With the potent antiviral agents, complete suppression of viral replication allows little opportunity for occurrence of resistance because mutation is replication dependent.[@B14] If the potency of antiviral agent is low, there is low selection pressure, so the chance of developing resistance is still low. However, antiviral agents with intermediate potency suppress viral replication incompletely, and the selection pressure is higher than low-potency drug. Therefore the chance of developing resistance is the highest under drugs with modest potency.[@B14] Other factors associated with antiviral agent include pharmacodynamic properties that reflect how quickly the HBV viral load is reduced on treatment and pharmacokinetic properties if the drug may or may not be able to reach sequestered site or sanctuaries of viral replication; i.e. reduction of cccDNA.[@B9],[@B15]

### Genetic barrier

Genetic barrier is the number of mutations needed to exhibit resistance to the antiviral drug being administered.[@B13] A drug which needs multiple site mutations on viral genome for developing resistance has a high genetic barrier and the resistance rate is low.[@B16] Also, combination of two drugs can lead to increase of genetic barrier.[@B17]

### Replication space

Replication space for HBV means the potential space of the liver to accommodate new transcriptional templates or molecules of cccDNA.[@B18] Hepatocyte turn over in the normal liver is relatively slow, presumably more than 100 days. However, in the setting of severe necroinflammatory activity, this may reduced to less than 10 days.[@B8] Increased turnover rates of hepatocyte result in generation of new replication space uninfected by wild type virus. Mutant virus will more easily take over new replication space by virtue of higher replication fitness. In the set ting of liver transplantation, large amount of new replication space will be provided for mutant virus if drug resistance develops. Hence, rapid spread of mutant virus in uninfected hepatocyte is expected occupying new replication space.[@B19]

### Other clinical factors

Clinical factors, especially associated with patient\'s medical history, are prior drug experience, compliance of patients, and host genetic factors such as ability to efficiently convert the agent to its active metabolite.[@B9],[@B15] Previous exposure to an antiviral agent may predispose to development of resistance. In some case, effective drug concentration may not be achieved due to poor compliance or intrinsic enzymatic defect.[@B9] Poor antiviral effects lead to selection of drug resistant strains. So, when the viral suppression is insufficient, clinical factors should be reviewed.

Molecular changes causing antiviral resistance
----------------------------------------------

Antiviral agents for the treatment of HBV infection are classified into two groups; nucleoside analogues and nucleotide analogues. Cyclopentane (entecavir) and L-nucleoside analogues (lamivudine, telbivudine, clevudine) belong to nucleoside analogues and acyclic phosphonates (adefovir, tenofovir) belong to nucleotide analogues ([Fig. 1](#F1){ref-type="fig"}).

### Resistance to nucleoside analogues

#### L-nucleoside analogues

rtM204V/I, the major lamivudine resistant mutation, is located in the domain C at catalytic YMDD motif. Additional mutations are noted as compensatory mutations that enhance the replication capacity. These include rtL80I/V, rtV173L, rtL180M, rtT184S, rtA200V, rtQ215S.[@B6],[@B20] Although rtM204I can be found in isolation, rtM204V is usually found with compensatory mutations, most commonly rtL180M. Major resistance mutation to telbivudine or clevudine is rtM204I.[@B6] In clevudine-resistant patients, rtL80I/V may be accompanied as a compensatory mutation.[@B21] The rtA181T mutation was first detected in a patient receiving lamivudine, but also found in patients being treated with telbivudine, clevudine, adefovir or combination of adefovir and lamivudine.[@B22] rtL80I/V and rtQ215S also show resistance to adefovir.[@B20]

#### Cyclopentane

Entecavir resistance emerges by two steps. Lamivudine resistance develops first, and then additional changes such as rtM250V/I/L, rtT184L/F/A/M/S/I/C/G or rtS202G/I/C develop on the background of lamivudine resistant mutations (rtL180M+ rtM204V/I).[@B23] It has been reported that these mutations are co-located on the same viral genome.[@B7] Without lamivudine resistant mutations, mutations on rtM250, rtT184, or rtS202 by themselves do not exhibit significant resistance to entecavir. Although entecavir resistance is rare in treatment naive patients,[@B16] simultaneous development of resistance to entecavir and lamivudine has been reported.[@B24]

### Resistance to nucleotide analogues

This group includes adefovir and tenofovir. Resistance to adefovir is associated with mutations in the domain D at rtN236T and/or in the domain B at rtA181V/T.[@B25] Several mutations were further detected in adefovir-resistant patients in the absence of rtN236T or rtA181V. These mutations include rtP237H, rtN238T/D, rtV84M, and rtS85A, which are located around rtN236T.[@B20] rtQ215S and rtV214A are also adefovir resistant mutations. The rtA181T and rtQ215S are cross resistant to lamivudine.[@B20]

rtA194T, a tenofovir resistant mutation, is located in domain B and was firstly detected in HIV and HBV coinfected patients.[@B26] However, tenofovir resistance was not found during clinical trials on CHB.[@B27]

Cumulative incidences of antiviral resistance according to drugs are illustrated in [Figure 2](#F2){ref-type="fig"}.

Clinical consequences of antiviral resistance and associated definitions
------------------------------------------------------------------------

During treatment of CHB, development of antiviral resistance begins with mutational changes in the polymerase gene of HBV. Those changes may reduce susceptibility of virus to the drug that is being administered. Genotypic resistance, which is defined as development of mutations conferring resistance to the given antiviral drug, is followed by increase of HBV DNA levels.[@B28] When serum HBV DNA level rises over 10 times of the nadir, we consider that viral breakthrough occurred.[@B28] If appropriate management is not given at this time, increase of serum alanine aminotransferase may be followed, which is known as biochemical breakthrough.[@B28] Clinically, hepatitis flare may occur and hepatic failure and death have been reported in patients with poor hepatic reserve. Therefore, therapy should be modified before clinical deterioration is noted. However, it should be kept in mind that nearly 40% of CHB patients receiving antiviral therapy may not be fully adherent to the medication.[@B29] Therefore compliance needs to be assessed as the first step, and if the patient is adherent to the medication, antiviral resistance test should be done promptly.

One of important clinical problems of antiviral resistance is emergence of multidrug resistance.[@B7] Multidrug resistance during anti-HBV therapy is defined by the occurrence of resistance to both nucleoside analogues and nucleotide analogues by a strict criterion. This can be caused either by a single genomic mutation or by multiple mutations on the same viral genome.[@B7] A single genomic mutation developed by one antiviral agent may show resistance to another drug which has not been exposed before due to \"cross resistance\" ([Table 1](#T1){ref-type="table"}). Although cross resistance is commonly present in-between the drugs belonging to the same class (e.g. rtM204I for lamivudine and telbivudine), it can also be present in-between the drugs belonging to different classes (e.g. rtA181T to both lamivudine and adefovir), which results in multidrug resistance. Multiple resistant mutations to different classes of antiviral agents can be developed on the same viral genome, and show resistance to the both drugs (e.g. rtL180M+rtM204V+rtN236T to both lamivudine and adefovir) ([Fig. 3](#F3){ref-type="fig"}).[@B7] Therapy with low genetic barrier drugs enhances the chance of development of multiple mutations, especially when used alone sequentially.

Diagnosis of antiviral resistance
---------------------------------

In the clinical practice, development of virologic breakthrough in a patient who has been compliant with the therapy is the first sign of development of antiviral resistance. To confirm the genotypic resistance, a number of techniques are applicable including direct PCR sequencing, reverse hybridization line-probe assay, restriction fragment length polymorphism analysis (RFLP), restriction fragment mass polymorphism analysis (RFMP), and DNA chip technologies.[@B28] Currently ultradeep pyrosequencing assay is available.

### Direct sequencing

Direct sequencing is one of the most commonly used methods for detecting the presence of resistant mutations. In the clinical trials of new antiviral agents, direct sequencing is adopted for detection of new molecular changes which may confer resistance to the given drug as this assay allows reviewing all the sequences.[@B28] However, lack of sensitivity in detecting minor populations of mutants limit the early diagnosis of development of antiviral resistance. Usually, mutant virus population \>20% among the total HBV quasispecies pool are detectable with this assay. Although cloning can overcome the limitation by increasing number of colonies for analysis,[@B7] highly skilled personnel\'s labor-intensive work is required.

### Line-probe assay

A series of short membrane-bound oligonucleotide probes is used to detect single nucleotide mismatches in PCR-amplified HBV DNA.[@B30] Line-probe assay can discriminate a minor fraction of the total viral population as low as 5%. However, specific probes must be prepared for the detection of each mutation of interest in advance. In addition, this assay cannot estimate a mutation frequency, so it is useful for dynamic studies of viral evolutions.

### RFMP analysis

The assay is based on PCR amplification and mass measurement of oligonucleotide containing specific sites of mutation.[@B31] Enzymatic cleavage of the sites leads to multiple DNA fragments, from which matrix-assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF MS) differentiates specific mutations as little as 1-5% of total viral population.[@B31],[@B32] With this technique, quantitative detection of mixed populations can be done even without population-based cloning.[@B32]

### RFLP analysis

Endonucleolytic cleavage of amplified viral DNA using restriction enzymes generate fragment of DNA of varying length of specific sequence with this assay.[@B28] Presence of mutation can be differentiated by a different pattern of DNA fragment as some mutations produce a new restriction site while others may delete it. RFLP is a very sensitive to detect variant as little as 5% of total viral population. However, it is technically difficult to perform and requires high cost.[@B28]

### DNA chip technology

Sequencing with microchip based technology using oligonucleotide microarrays has good sensitivity to detect mutants as low as 10% of total viral population.[@B32] The technique is capable of detecting multiple mutations as well as polymorphisms simultaneously. However, it needs to update specific sequence primer according to the reported mutational profile. This is the main drawback of this assay like other methods mentioned above (line probe assay, RFMP, RFLP).

### Ultradeep pyrosequencing assay

Pyrosequencing assay is a new sequencing method which relies on the detection of DNA polymerase activity.[@B33] This technique performs massively parallel picoliter-scale amplification and pyrosequencing of individual DNA molecules, enabling the analysis of thousands of clonally amplified regions, which increases the probability of detecting minority of mutants.[@B33] Pyrosequencing is currently the most sensitive assay that can detect minor variant populations as low as 0.1%, and considered as the most valuable tool for researching the viral genome in the future.

Management of antiviral resistance: focusing on multidrug resistance
--------------------------------------------------------------------

It has been reported that starting rescue therapies at the low level viremia is more effective than delayed implementation in the presence of virologic breakthrough and confirmed genotypic resistance. Therefore rescue therapy should not be delayed after the diagnosis of antiviral resistance to enhance to the efficacy of therapy and to decrease the risk of clinical deterioration.

Choice of rescue therapy for the antiviral resistant CHB is based on cross resistance profile of antiviral drugs; a drug without cross resistance to the prior antiviral agent should be selected. To ensure the absence of cross resistance, results of the resistance test should be referred.

However, even a drug without cross resistance may not be sufficient for long term treatment as subsequent resistant mutations can arise during monotherapy with a low genetic barrier drug, resulting in multidrug resistance as described above. Therefore, combination of drugs that belong to different class should be considered paring one from nucleoside analogues and the other from nucleotide analogues.

In any cases with nucleos(t)ide resistant CHB, interferon-based therapy should be considered if the patients have compensated liver function. Although, the efficacy is still not satisfactory, it would be reasonable to challenge to avoid occurrence of multidrug resistance following multiple treatment failure of nucleos(t)ide analogues.[@B34]

Although many guidelines from Korean and the major international liver associations have suggested recommendations for managing antiviral resistant CHB ([Table 2](#T2){ref-type="table"}), more detailed discussions are necessary as new data are emerging and the paradigm is shifting.

### Lamivudine resistance; a principal source of multidrug resistance

Resistance to lamivudine increases over time up to 70%. High baseline viral load and ALT, and incomplete viral suppression during therapy increase the risk of lamivudine resistance.[@B35] Treatment to lamivudine resistance is based on tenofovir or adefovir, and can be suggested as follows.

• Preferred options for the treatment of lamivudine resistance

1\) rtM204V/I mutation- Tenofovir monotherapy- Tenofovir plus one of L-nucleoside analogues- Adefovir plus one of nucleoside analogues2) rtA181T mutation- Tenofovir plus one of nucleoside analogues- Adefovir plus entecavir

Tenofovir is a nucleotide analogue and does not show cross resistance to nucleoside analogues such as lamivudine, telbivudine, clevudine, and entecavir. Tenofovir suppressed HBV DNA more potently in the HBeAg positive or negative subjects compared with adefovir in phase 3 clinical trials. Seventy six percent of HBeAg positive CHB patients and 93% of HBeAg negative patients achieved undetectable HBV DNA by PCR (\<400 copies/mL). Although this trial included only small proportion of patients with lamivudine experience, nearly all of the patients achieved virologic response without development of resistance up to 6 years.[@B27] It was also reported that lamivudine-failed CHB patients equally responded to the tenofovir compared with treatment naïve patients.[@B36] Baseline lamivudine resistant mutations included rtL80I/V, rtV173L, rtL180M, rtA181T, and rtM204V in this study, and type of mutation did not significantly affect the virologic response.[@B36]

Previously, tenofovir was demonstrated to have superior efficacy compared with adefovir in CHB patients with lamivudine resistance.[@B37] In a retrospective study with 53 lamivudine resistant CHB patients, HBV DNA was suppressed to \<400 copies/mL in 100% of tenofovir group compared with only in 44% of adefovir group after 48 weeks of therapy. Furthermore, a subsequent study reported that tenofovir rapidly suppressed HBV DNA to \<400 copies/mL in 95% of the patients within a median of 3.5 months in lamivudine resistant patients who showed high HBV DNA level during adefovir therapy.[@B38] Therefore, for lamivudine resistant CHB patients, it is considered that tenofovir is an effective antiviral agent and should be considered as the first line treatment option as well as a rescue therapy in adefovir suboptimal responders.

Tenofovir has been administered alone or in combination with L-nucleoside analogues such as lamivudine and emtricitabine in above studies.[@B36],[@B37],[@B39] Recently there has been a report that tenofovir monotherapy is as effective as combination of tenofovir and emtricitabine.[@B40] In this prospective study, 280 CHB patients with lamivudine resistance were randomly assigned to either tenofovir monotherapy group or combination group. After 96 weeks of treatment, 89% of monotherapy group and 86% of combination group showed HBV DNA \<400 copies/mL. No tenofovir resistant mutation was detected during the treatment period in both groups. Therefore tenofovir monotherapy is considered as effective as combination of tenofovir and L-nucleoside analogue. In line with these observations, recently updated European Association for the Study of the Liver (EASL) guidelines recommends tenofovir monotherapy as the first option for lamivudine resistant CHB. Also, Asia Pacific Association for the Study of the Liver (APASL) and Korean Association for the Study of the Liver (KASL) recommend tenofovir monotherapy as an option.[@B1],[@B4] However, there is still a concern about the occurrence of subsequent resistant mutation after a long term monotherapy.[@B26] Therefore, combining a lamivudine or emtricitabine might be a more reliable option. Efficacy of telbivudine combined with tenofovir has been reported as well.[@B41] Considering that telbivudine has potential to improve renal function,[@B42] this combination needs to be further evaluated.

Adefovir has been used for the management of lamivudine resistance for a long time. However, adefovir resistance was reported in patients with adefovir monotherapy to be 18% at year 1 and 25% at year 2.[@B43],[@B44] Soon after these reports, a small randomized clinical trial showed benefit of adefovir add-on therapy over switching to adefovir monotherapy in HBeAg negative CHB patients.[@B17] Incidence of adefovir resistance was significantly lower in adefovir add-on therapy group than monotherapy group (0% vs 21%). Since then, adefovir has been recommended to be used in combination with lamivudine. Instead of lamivudine, telbivudine can also be used based on a previous report.[@B45]

Entecavir has antiviral activity against lamivudine resistant HBV strains,[@B46],[@B47] but exhibits some cross resistance.[@B6] Hence, 1 mg of entecavir was recommended to be used instead of usual dose of 0.5 mg. However, long term entecavir monotherapy has been associated with occurrence of entecavir resistant mutations in 51% and subsequent viral breakthrough in 43% of lamivudine refractory CHB patients after 5 years.[@B16] A prospective randomized trial conducted in Korea have compared combination of adefovir and lamivudine vs. entecavir monotherapy, and showed significant lower incidence of virologic response (56.7% vs. 40%, respectively) and higher incidence of genotypic resistance combined with viral breakthrough (2.0% vs. 17.6%, respectively) in entecavir monotherapy group after 2 years of treatment.[@B48] Therefore entecavir is not considered as an optimal antiviral agent for lamivudine resistant CHB when used alone. More recently, entecavir has been tested in combination with adefovir, and it was superior to entecavir monotherapy or combination of lamivudine and adefovir in HBeAg positive lamivudine resistant CHB patients.[@B49] Furthermore, a randomized controlled trial reported that combination of entecavir and adefovir effectively suppressed lamivudine resistant HBV in patients who showed suboptimal response to combination of lamivudine and adefovir.[@B50] Also, this combination was effective even in the presence of rtA181T which is a resistant mutation to both lamivudine and adefovir.[@B51] Therefore, combination of adefovir and entecavir could be applied in difficult-to-treat lamivudine resistant patients if tenofovir is not available.

### Telbivudine or clevudine resistance: cross resistance in-between nucleoside analogues

• Preferred options for the treatment of telbivudine (or clevudine) resistance

\- Refer to the preferred options for the treatment of lamivudine resistance

Although telbivudine is exposed to risk of antiviral resistance during long term therapy, data on the management of telbivudine resistance is limited.[@B52] As telbivudine shares almost same resistance profile with lamivudine, it has been proposed to manage telbivudine resistance as if lamivudine resistance.[@B1]-[@B3] Recently efficacy of telbivudine plus adefovir has been reported to be 74.2% of virologic response after 12 months of rescue therapy in patients who had confirmed genotypic resistance to telbivudine.[@B53] Entecavir plus adefovir therapy was also shown to be effective in patients with telbivudine resistance.[@B54] Entecavir plus adefovir therapy would be a better choice than telbivudine plus adefovir, if rtA181T is detected. However, tenofovir with or without combination of L-nucleoside analogues should be the most effective option considering lamivudine resistance data.[@B38]

Clevudine resistance is considered as the same as telbivudine resistance; rtM204I and rtA181T. Data on the management of clevudine resistance is also still limited. A multicenter study conducted in Korea showed clevudine plus adefovir was superior to other options such as lamivudine plus adefovir, adefovir monotherapy, or entecavir monotherapy.[@B55] The efficacy of tenofovir in these patients needs to be evaluated, but it is expected to be as efficacious as in lamivudine resistant CHB patients.

### Adefovir resistance with or without resistance to L-nucleoside analogues

Resistance to adefovir can be managed by either tenofovir or entecavir based therapies.

• Preferred options for the treatment of adefovir resistance

1\) rtN236T mutation- Tenofovir plus one of nucleoside analogues- Adefovir plus entecavir^\*^ (L-nucleoside analogues may be used in the patients without prior resistance to L-nucleoside analogues)2) rtA181T/V ± rtN236T mutations- Tenofovir plus one of nucleoside analogues- Adefovir plus entecavir

A randomized trial was conducted to compare the efficacy of tenofovir monotherapy with that of tenofovir plus emtricitabine combination in adefovir-treated CHB patients.[@B56] All the patients had been treated with adefovir more than 6 months, but HBV DNA continued to be detected at enrollment. At week 48, overall 81% of total patients who were initially given tenofovir (n=53) or tenofovir plus emtricitabine (n=52) had HBV DNA \<400 copies/mL. The presence of adefovir resistant mutations did not affect the outcomes. However, in this study, emtricitabine was permitted to be added if HBV DNA was detectable after 24 weeks of tenofovir monotherapy, which may have affected treatment outcomes.

Another prospective study enrolled 60 CHB patients who failed in both lamivudine and adefovir treatment.[@B57] Sixty three percent of patients were switched from adefovir to tenofovir monotherapy, and the remainder received tenofovir and lamivudine combination therapy. Patients, who were initially treated with tenofovir monotherapy, switched to tenofovir plus lamivudine after week 24 if persistent viral replication is noted. After 96 weeks of treatment, 64% of the patients achieved virologic response defined by HBV DNA \<15 IU/mL (87 copies/mL). The response rate was inferior to that observed in treatment naïve patients and in previous studies of tenofovir rescue therapy. Although they reported that the response was independent of baseline mutations conferring resistance to adefovir, there is a possibility that adefovir-resistant mutations have been selected, especially, during monotherapy. Indeed, a study of clonal analysis, which was performed in 10 adefovir resistant CHB patients with rt236T and/or rtA181T at baseline, showed that adefovir resistant mutations remained detectable throughout the whole observation periods until 72 weeks of tenofovir monotherapy; adding lamivudine led to a virologic response within a few weeks.[@B58] Considering these data, adding a nucleoside analogue would be a safer way to prevent selection of resistant mutations. Among nucleoside analogues, entecavir may be the most effective drug as it exhibits the lowest fold changes of inhibitory concentrations in suppressing adefovir-resistant mutants.[@B59] An international multicenter cohort study, which included 17 adefovir resistance cases among 57 pre-treated CHB patients, evaluated efficacy of entecavir plus tenofovir combination as a rescue therapy during median 21 months of treatment.[@B60] Fifty one of 57 patients became HBV DNA undetectable after a median duration of 6 months. All adefovir resistant patients except one achieved virologic response at month 12. Considering that 5 of 17 adefovir resistant patients also had M204V/I mutation at baseline, this combination is considered to be also effective in treating multidrug resistant CHB.

Before the era of tenofovir or entecavir, lamivudine had been added to adefovir for treating resistance to adefovir. However, the antiviral response was not good when there was prior history of resistance to lamivudine.[@B61] So it was considered inappropriate to combine drugs already developed resistance,[@B61] as the antiviral resistance mutations may coexist on the same viral genome resulting in a remarkable decrease of susceptibility to the combination.[@B7] Entecavir, which belongs to cyclopentane, does not share cross resistance with adefovir;[@B59] adefovir resistant mutants such as rtA181T/V and rtN236T are sensitive to entecavir.[@B22],[@B62] However, the presence of lamivudine resistant mutations also limits its efficacy.[@B63] Although initial antiviral response of entecavir was better than lamivudine plus adefovir in patients resistant to lamivudine and adefovir,[@B64],[@B65] the efficacy of entecavir was limited by high incidence of entecavir resistance during the long term treatment.[@B66],[@B67] Therefore, entecavir should not be used alone for the treatment of CHB resistant to both lamivudine and adefovir, and combination of adefovir and entecavir would be a more relevant choice.[@B51],[@B68]

L-nucleoside analogues such as lamivudine or telbivudine may be added for the treatment of adefovir resistance developed in CHB patients who have never been exposed to nucleoside analogues. However, in the presence of rtA181T mutation, this option is not appropriate due cross resistance to L-nucleoside analogues.[@B59] Switching to entecavir in these patients could be considered,[@B2] but long term safety of entecavir monotherapy has not been studied. So combining entecavir and adefovir would be a better option for the prevention of multidrug resistance as most guidelines recommend.[@B1],[@B3],[@B4]

### Entecavir resistance; additional mutations on the background of lamivudine resistance

Resistance to entecavir can be managed by either tenofovir or adefovir based therapies.

• Preferred options for the treatment of entecavir resistance

1\) rtL180M+rtM204V/I+rtT184L/F/A/M/S/I/C/G or rtS202G/I/C or rtM250V mutations- Tenofovir plus one of nucleoside analogues- Tenofovir monotherapy- Adefovir plus entecavir

Entecavir resistance is rare in treatment naive patients.[@B16] Although it is reported only approximately 1% of the subjects in the phase 3 studies,[@B16] patients with high baseline viral load and detectable HBV DNA after 12 months of treatment are at increased risk of resistance.[@B69] Entecavir resistance is much more common in lamivudine refractory patients over 50% after 5 years of treatment. Although entecavir resistance may be considered as multidrug resistance in a broad concept, it is resistant only to nucleoside analogues, not to nucleotide analogues. So, all these mutations are susceptible to tenofovir, which is a potent antiviral drug. Long term efficacy of tenofovir monotherapy for CHB patients after failure of nucleos(t)ide analogues has been evaluated, but the number of subjects with entecavir resistance were too small to reach a conclusion in the retrospective cohort study conducted in Germany.[@B39] Anyhow, the response was good to achieve virologic response within 12 weeks of treatment in a patient with rtL180M+rtM204V+rtS202G.[@B39] Efficacy of tenofovir plus entecavir was evaluated in an international multicenter study.[@B60] All four patients with entecavir resistant mutations achieved virologic response before 12 month of treatment. It is thought that tenofovir based therapies are effective in treating entecavir resistant CHB. Recent EASL guidelines recommend switching to or adding tenofovir as an initial option while APASL and KASL guidelines recommend adding tenofovir.[@B1],[@B2],[@B4]

During the pre-era of tenofovir, treatment of entecavir resistance was based on adefovir. A multicenter study conducted a prospective evaluation of combination of adefovir and lamivudine for entecavir resistance.[@B70] The virologic response rate (HBV DNA \<20 IU/mL) was only 23.5% after 12 months of treatment. However the entecavir resistant mutations disappeared or their proportion decreased in 62.6% of HBV-detectable patients. For entecavir resistance, combination of adefovir and entecavir seems to be a more potent treatment. A small retrospective single center study which included 12 entecavir resistant CHB patients reported virologic response rate of adefovir plus entecavir as 33.3% at 12 months and 50.0% at 18 months of treatment.[@B71] Comparison of efficacy between adefovir plus lamivudine and adefovir plus entecavir for entecavir resistance was performed previously, but significant difference was not found.[@B72] More recently, a multicenter retrospective study in Korea showed that HBV DNA suppression was more profound in the adefovir plus entecavir group compared with adefovir plus lamivudine group (-3.06 vs -2.73 log IU/mL, *P*=0.006) Therefore, adefovir plus entecavir would be a better choice, especially where tenofovir is not available.

### Lamivudine, adefovir and entecavir resistance; a real multidrug resistance

Resistance to both nucleoside and nucleotide analogues can be developed after exposure to a single drug or more than two drugs; management should be done according to the resistance profile. If resistant mutations to adefovir and entecavir are found at the same time, the following is recommended.

• Preferred options for the treatment of resistance to lamivudine, adefovir and entecavir

; rtM204V/I+rtA181T/V±rtN236T+rtT184L/F/A/M/S/I/C/G or rtS202G/I/C or rtM250V mutations- Tenofovir plus entecavir

Multiple mutations causing resistance to both adefovir and entecavir are still not common, but it is difficult to manage once such mutations develop. Previously, adefovir plus entecavir combination was retrospectively evaluated for CHB patients after multiple failures of nucleos(t)ide analogues. The rate of virologic response was only 14.3% of 35 patients who failed in 3 lines of antiviral therapy including lamivudine, adefovir, and entecavir treatment.[@B73] Therefore, combination of adefovir and entecavir is considered suboptimal for this kind of difficult-to-treat patients. Tenofovir based therapy has been evaluated in a recent retrospective study.[@B74] They included 18 patients who had failed treatment with entecavir, adefovir, and lamivudine. Seventeen patients achieved virologic response (HBV DNA \<60 IU/mL) with tenofovir, tenofovir plus lamivudine, or tenofovir plus entecavir. One patient who did not achieve virologic response had received tenofovir monotherapy for 24 month.[@B74] An international multicenter study which evaluated efficacy of tenofovir plus entecavir combination in various pre-treated CHB patients included only one patient exhibiting resistance to lamivudine, adefovir, and entecavir at the same time.[@B60] The patient responded to the combination after 9 months of therapy. Therefore, for patients with resistance to multiple lines of antiviral drugs, tenofovir based therapy is recommended preferably with entecavir. Long term efficacy and safety of this combination still need to be further evaluated.

### Tenofovir resistance; yet to be confirmed

Although rtA194T mutation, which confers resistance to tenofovir, was found in HIV-HBV coinfected patients,[@B26] tenofovir resistance has not been reported in HBV monoinfected patients so far.[@B75] If tenofovir resistance is suspected, sequencing analysis and *in vitro* susceptibility tests need to be done to confirm genotypic and phenotypic resistance.[@B28] Previous *in vitro* study showed that rtA194T mutant was susceptible to entecavir and telbivudine,[@B76] so adding these drugs would be effective. However, management should be stratified according to the result of the resistance test.

• Preferred options for the treatment of resistance to tenofovir ; rtA194T mutation

\- Tenofovir plus entecavir- Tenofovir plus telbivudine

Prevention
----------

To prevent development of antiviral resistance, selection of appropriate patients is mandatory. The efficacy of antiviral treatment is not satisfactory in HBV carriers of the immune tolerant phase, and the risk of antiviral resistance increases. When pretreatment evaluation suggests antiviral therapy is necessary, potent drugs with high genetic barrier need to be implemented. Alternatively, peginterferon therapy should be considered in young patients with well preserved hepatic function, patients not eligible for long term therapies, and women considering pregnancy 1-2 years later.

Once therapy has been initiated, time appropriate modification according to the response is needed to prevent development of future antiviral resistance. Recently, KASL guidelines suggest that therapy should be changed in case of primary treatment failures, which is defined as a decrease of HBV DNA less than 2 log IU/mL compared with baseline after 6 months of therapy.[@B1] Before concluding primary non-response, drug compliance should be ensured, and antiviral resistance testing may be required. When changing the antiviral agent, drugs without cross resistance would be better, even though there are no confirmed mutations. For example, adefovir primary non-responders should change medication to entecavir preferably although tenofovir has been reported effective for the adefovir experienced patients.[@B77] Primary non-responders to lamivudine may change to tenofovir.

Management of partial virologic response, which is defined by detectable HBV DNA after 6 to 12 months of therapy, should be stratified according to the drug being administered. Low genetic barrier drugs such as L-nucleoside analogues and adefovir need to be decided to change or not at 6 months of therapy.[@B1] Potent antiviral drugs with high genetic barrier and no cross resistance are needed to be selected for substitution; tenofovir for L-nucleoside analogues and entecavir for adefovir would be preferred. If patient is taking a high genetic barrier drug, treatment can be continued for 12 months. If partial virologic response to entecavir is observed at month 12 and the patient had high baseline viral load (i.e. HBV DNA \>8-9 log IU/mL), long term antiviral response may not be satisfactory and subsequent risk of entecavir resistance increases.[@B69],[@B78] Also, if HBV DNA is over 1,000 IU/mL at month 12, long term probability of virologic response is relatively lower.[@B79] These patients would get benefit by switching to tenofovir.[@B80],[@B81] Partial virologic responders to tenofovir has been managed by adding emtricitabine at the discretion of investigator after 72 weeks of monotherapy in phase 3 trials.[@B27] The reason why tenofovir resistance has not been reported and the patients achieved high rate of virologic response may be attributed to this strategy.[@B27] As emtricitabine has not been approved for HBV therapy, addition of other L-nucleoside analogues such as lamivudine, would be a relevant choice.

• Preferred options for partial virologic responders to prevent future resistance

1\) In patients receiving L-nucleoside analogues- Switch to tenofovir at week 242) In patients receiving adefovir- Switch to entecavir at week 243) In patients receiving entecavir- Continue entecavir- Consider switch to tenofovir if high HBV DNA (i.e. \>8 log IU/mL) at baseline or HBV DNA \>3 log IU/mL at week 484) In patients receiving tenofovir- Continue tenofovir- Consider adding one of L-nucleoside analogues at week 72

CONCLUSIONS
===========

The selection of the antiviral resistant mutant is the process of \"selection of the fittest under the pressure exerted by antiviral agent.\"[@B11] Given that spontaneous error rates of HBV are high, a potent antiviral agent with high genetic barrier may mitigate the possibility of developing resistance.[@B16],[@B27] With the advancement of antiviral agents, the incidence of antiviral resistance is decreasing. However, a number of CHB patients who have been on treatment already developed antiviral resistance, and they are at risk of multidrug resistance. The golden time should not be missed to prevent this jeopardy. We expect future eradication of chronic HBV infection by proper prevention and management of antiviral resistance.
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ADV

:   adefovir

cccDNA

:   covalently closed circular DNA

CHB

:   chronic hepatitis B

CLV

:   clevudine

ETV

:   entecavir

HBV

:   hepatitis B virus

LAM

:   lamivudine

LDT

:   telbivudine

NA

:   nucleoside analogues

rt

:   reverse transcriptase

TDF

:   tenofovir

![Classification of antiviral agents for treatment of chronic hepatitis B. To manage antiviral resistance, one drug from nucleoside analogues and another from nucleotide analogues are selected for combination.](cmh-19-195-g001){#F1}

![Cumulative incidence of antiviral resistance according to the drugs.[@B1],[@B2],[@B6],[@B20] L-nucleoside analogues show high rate of antiviral resistance in treatment naïve patients. Also, adefovir or entecavir monotherapy exhibit high resistance rates in lamivudine refractory patients. LAM, lamivudine; CLV, clevudine; LdT, telbivudine; ETV, entecavir; ADV, adefovir; TDF, tenofovir.](cmh-19-195-g002){#F2}

![Models of multidrug resistant hepatitis B virus.[@B7] (A) mutants are located on different genomes, (B) mutants are located on the same genome. Resistance mutations to different antiviral agents may or may not be located on the same viral genome. A previous study showed that 85% of mutations are present on the same viral genome. This suggests efficacy of combination therapy will not be effective if drugs previously developed resistance are combined.](cmh-19-195-g003){#F3}

###### 

*In vitro* drug susceptibility and cross resistance of antiviral-resistant HBV[@B1],[@B2],[@B6]

![](cmh-19-195-i001)

LAM, lamivudine; CLV, clevudine; LDT, telbivudine; ETV, entecavir; ADV, adefovir; TDF, tenofovir; L-NA, L-nucleoside analogues (LAM, LDT, CLV), NA; not available.

###### 

Comparisons of treatment recommendations for antiviral resistance by different associations[@B1]-[@B4]

![](cmh-19-195-i002)

KASL, the Korean Association for the Study of the Liver; APASL, Asian-Pacific Association for the Study of the Liver; EASL, European Association for the Study of the Liver; AASLD, the American Association for the Study of the Liver Diseases; LAM, lamivudine; LDT, telbivudine; ADV, adefovir; ETV, entecavir; TDF, tenofovir; MDR, multidrug resistance; IFN, interferon; L-NA, L-nucleoside analogues.

^\*^Upper case letters and numbers in parenthesis denote level of evidence and strength of recommendation.

^†^Telbivudine and clevudine resistance are recommended to treat as if lamivudine resistance by KASL guidelines.

^‡^Truvada is a combination drug containing tenofovir and emtricitabline and has not been approved for anti-HBV therapy yet.
